Abstract: Retinol binding protein 4 (RBP4), mainly secreted by the liver and adipocytes, is a transporter of vitamin A. RBP4 has been shown to be involved in several pathophysiological processes, such as obesity, insulin resistance, and cardiovascular risk. Reports have indicated the high expression levels of RBP4 in cystic follicles. However, the role of RBP4 in mammalian follicular granulosa cells (GCs) remains largely unknown. To illustrate the molecular pathways associated with the effects of RBP4 on GCs, we used high-throughput sequencing to detect differential gene expression in GCs overexpressing RBP4. A total of 113 differentially expressed genes (DEGs) were identified in RBP4-overexpressing GCs, and they included 71 upregulated and 42 downregulated genes. The differential expressions of the top 10 DEGs were further confirmed by real-time quantitative polymerase chain reaction. Pathway analysis indicated that the DEGs are mostly involved in oxidative phosphorylation, Parkinson's disease, non-alcoholic fatty liver disease, Huntington's disease, cardiac muscle contraction, Alzheimer's disease, fatty acid biosynthesis, AMP-activated protein kinase signaling pathway, and insulin signaling pathway. Genes in these pathways should be useful for future studies on GCs. Altogether, the results of our study establish a framework for understanding the potential functions of RBP4 in porcine GCs.
Introduction
Retinols (a metabolite form of vitamin A, ROH) mediate various reproductive processes, such as follicle development, oocyte maturation, early embryogenesis, and steroidogenesis [1] [2] [3] [4] . Retinol binding protein 4 (RBP4) is an adipokine belonging to the lipocalin family of proteins; it plays a role in the transport of retinols from liver and adipose tissues to the blood and other tissues [5, 6] . The pivotal action of RBP4 is mediated by a plasma membrane receptor stimulated by retinoic acid 6 (STRA6) [7] . RBP4 exerts its function by binding retinols in blood to form a transient RBP4-ROH complex. STRA6 facilitates the dissociation of retinols from the complex and transports them into cells [8] . RBP4, which is involved in retinol metabolism, has also been identified to be associated with numerous metabolic diseases, such as insulin resistance (IR), type 2 diabetes mellitus, obesity, and cardiovascular risk [9, 10] . RBP4 expression in adipose tissues is regulated by 17-β-estradiol. RBP4 levels in serum are elevated in polycystic ovary syndrome (PCOS) women with obesity [11] . RBP4 can drive ovarian cancer cell migration and proliferation through RhoA/Rock1 and extracellular signal-regulated kinase pathways involving matrix metalloproteinase (MMP) 2 and MMP9 expressions [12] .
The roles of RBP4 in reproduction have been supported by accumulating studies. A recent study identified a new single nucleotide polymorphism in RBP4 affecting the production of large litter size of sows [13] . Studies have shown that RBP4 expresses in bovine ovarian cells [14] , early vitellogenic
Materials and Methods

Obligatory Ethical Approval
All experiments in the present study were performed in accordance with the guidelines of the Animal Care and Use Committee of Jilin University Changchun, China (approval number: JLU#20150903).
Cell Culture
Unless otherwise specified, all the chemicals and reagents were purchased from Takara (Takara, Dalian, China). The 293T cell line (ATCC, CRL-11268; Manassas, VA, USA), which were used to generate lentivirus, were cultured in Dulbecco's Modified Eagle Medium/Ham's F-12 (DMEM/ F12) (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) and 1% penicillin-streptomycin under humidified atmosphere containing 5% CO 2 at 37 • C The current study followed the culture procedure of a previous method [25] . Landrace porcine ovaries were collected from pre-pubertal gilts aged 165-180 days from a local slaughterhouse and transported to laboratory within 20 min in saline at 37 • C. The follicular fluid aspirated from 3-6 mm follicles was centrifuged at 500× g for 5 min and washed thrice with phosphate buffer saline (PBS). The viability of cells before cell culture was assessed by trypan blue exclusion assay. The GCs were seeded at an initial density of 1 × 10 6 cells/mL in six-well plates. The culture medium consisted of DMEM/F12 with 10% FBS and 1% penicillin-streptomycin. The cells were incubated under humidified atmosphere containing 5% CO 2 at 37 • C for 24 h and then washed with PBS to remove any unattached cells.
Plasmid Constructs, Transfection, and Infection
The primer sequences used for RBP4 amplification containing XhoI and NotI restriction enzyme sites in the forward and reverse primers included 5 -TTC CTC GAG ACT ATG GAA TGG GTT TGG  GCG CTC GTG CT-3 and 5 -CCG CGG CCG CTC CTA CAA AAT GTT TCT TTC CGA TTT GC-3 . Full-length porcine RBP4 complementary DNA (cDNA, GenBank Accession No. 397124) was amplified and inserted into the XhoI/NotI sites of the pLVX-IRES-ZsGreen lentiviral vector. RBP4 polymerase chain reaction (PCR) products and pLVX-IRES-ZsGreen plasmid were excised by digesting with XhoI and NotI respectively. Porcine RBP4 gene was inserted into the pLVX-IRES-ZsGreen lentiviral vector to generate the pLVX-RBP4-IRES-ZsGreen construct. Approximately 24 h before transduction, 293T cells were seeded into 100 mm plates at 4 × 10 6 cells/plate and 10 mL growth medium and then incubated at 37 • C, 5% CO 2 overnight. Then, the cells were further incubated until 80-90% confluency. Four packaged systems of plasmids (Invitrogen, Carlsbad, CA, USA) included pLVX-IRES-ZsGreen vector, structure plasmid PLP1, PLP2, and envelope plasmid VSVG. FuGENE HD reagent (Roche, Mannheim, Germany), following the manufacturer's instructions, was used to transfect the 293T cells by mixing vector plasmid pLVX-RBP4-IRES-ZsGreen, structure plasmid PLP1, PLP2, and envelope plasmid VSVG at a mass ratio of 4:2:1:1. The cells with blank pLVX-IRES-ZsGreen (vector) transfection were used as negative controls. After 48 and 72 h, viral particles from the culture supernatants were collected by ultracentrifugation at 4 • C, 72,000× g for 2.5 h. A limiting dilution assay established that the titer of the virus detected by the green fluorescent protein (GFP)-labeled method was 1.2 × 10 7 transduction units (TU)/mL according to previously reported protocol [26] . GCs were divided into two groups: pLVX-RBP4-IRES-ZsGreen (pLVX-RBP4) and pLVX-IRES-ZsGreen (CTRL) groups. Each group was performed in biological triplicate. The lentiviral particles were added to the GCs at a multiplicity of infection of 50. The GCs were infected with lentiviral particles for 72 h, and the medium with lentiviral particles was replaced every 24 h. After 72 h of incubation, enhanced GFP (EGFP) was observed under a fluorescence microscope. RBP4 expression was quantified by real-time quantitative polymerase chain reaction (RT-qPCR) and Western blotting analysis.
Total RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
Total RNA of GCs from three independent biological repetitions of the pLVX-RBP4 and CTRL groups with TRIZOL reagent (Qiagen, Hilden, Germany) was extracted according to manufacturer's protocol. RNA concentration and purification were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher, Waltham, MA, USA); the number of OD260/OD280 must be higher than 1.8. RNA integrity was detected by agarose gel electrophoresis. Total RNA was reverse-transcribed into cDNA by using PrimeScript 1st strand cDNA Synthesis Kit (Takara). The total volume of 20 µL RT-PCR reaction mixture contained 10 µL SYBR ® Green Real-time PCR Master Mix (Takara), 2 µL cDNA, 7 µL ddH 2 The expression level of GAPDH was used as endogenous control. Relative expression was calculated using the 2 −∆∆Ct method. The primer sequences are listed in Table S1 .
Western Blotting
Extraction of proteins from GCs and subsequent quantification were performed as previously described [27] . Equal amounts (40 µg) of proteins were resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes. After blocking, the membranes were incubated overnight at 4 • C with anti-RBP4 mouse monoclonal antibody (1:300; Bioworld, Nanjing, China) and anti-β-actin rabbit monoclonal antibody (1:1000; Boster, Wuhan, China). After incubation with the primary antibodies, the membranes were washed thrice with TBST and then incubated for 1 h with 3000-fold diluted HRP-labeled goat anti-rabbit or goat anti-mouse secondary antibodies (Boster, Wuhan, China) at room temperature. After incubation, the membrane was washed thrice with TBST at 5 min intervals. After washing, each membrane was covered with enhanced chemiluminescence Western blotting reagents (Beyotime, Shanghai, China) for the detection of protein bands.
RNA-Sequencing Library Construction
Six RNA-sequencing (RNA-seq) libraries (three RNA-seq libraries for pLVX-RBP4 group and three RNA-seq libraries for CTRL group) were generated using an NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) according to the manufacturer's recommendations. A total amount of 1 µg RNA per sample was submitted to HiSeqTM 2500 (Illumina Inc., San Diego, CA, USA) for cDNA library preparation. The library was sequenced by pair-end sequencing, and 125 bp paired end reads were generated. Primary sequencing data produced using the Illumina HiSeqTM 2500 system were considered raw reads. Raw sequencing data generally featured clean reads, reads with a sequencing primer, tags containing N, and adapter sequences. Raw reads were filtered into clean reads by FAST-QC [28] .
Identification of Differentially Expressed Genes (DEGs)
TopHat2 software was used for aligning the clean reads to the current pig reference genome (Sscrofa10.2) [29] . The unigene numbers were converted into Entrez Gene ID numbers using the online g:profile conversion tool (http://biit.cs.ut.ee/gprofiler/). Gene expression levels were calculated by fragments per kilo bases per million mapped reads (FPKM). The screening of DEGs used Cuffdiff command of Cufflinks Software. The criteria filtering DEGs were as follows: (1) p-value < 0.05 and q-value (adjusted p-value) < 0.05; (2) |fold change| ≥ 2 or ≤1 in both groups. The criteria for screening the top 10 genes are based on fold change values.
Functional Enrichment Analysis
Go term enrichment analysis was conducted for upregulated and downregulated genes using the R package clusterProfiler [30] . In GO term tests, completely annotated genes of swine were appointed as the background. Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg) was used to identify the metabolic pathways or signal transduction pathways that were significantly enriched with DEGs by comparing them to the entire genome background (Figure 1 ). Fisher's exact test was applied to identify the significant GO categories and KEGG pathways. Only GO terms or KEGG pathways with p-values < 0.05 were considered to be significantly enriched [31] . Protein-protein interaction (PPI) analysis of DEGs was based on the STRING database v11.0 [32] . All RNA-seq data were deposited into the Gene Expression Omnibus (GEO) database from NCBI (https://www.ncbi.nlm.nih.gov/geo). The accession record of GEO is GSE132962. 
Statistical Analysis
SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. The Student's t-test was performed to analyze statistical differences between means. All values were expressed as mean ± SEM (standard error of the mean). p < 0.05 was considered statistically significant.
Results
Infection Efficiency
The recombinant lentiviral was successfully infected into GCs. EGFP was detected by fluorescence microscopy in the transfected group (Figure 2a,b) . RT-qPCR indicated a significant increase in RBP4 messenger RNA (mRNA) abundance in the pLVX-RBP4 group (Figure 2c ). Western blotting results showed that the RBP4 protein was upregulated in the pLVX-RBP4 group (Figure 2d ). 
Transcriptome Profiling Analysis
High-throughput sequencing was performed in biological triplicates to elucidate the regulatory mechanism of response of GCs to RBP4 overexpression. Six libraries of the pLVX-RBP4 and control (CTRL) groups of GCs were sequenced. Table S2 summarizes the results on the six libraries. In this study, 4.505-5.011 Gb of raw bases were obtained, and 33.747-40.089 Mb of raw reads were generated from the three libraries of the pLVX-RBP4 group. After quality control, 30.104-35.282 Mb of clean reads were obtained. Furthermore, Q20, Q30, and total mapped ratio were calculated (Table S2 ).
Differential Expression of Messenger RNAs in Granulosa Cells (GCs)
High-throughput sequencing was conducted in biological triplicates to identify differential expression of mRNAs in GCs. From 17,053 expressed mRNAs, 16,471 and 16,259 genes were expressed in the pLVX-RBP4 and CTRL groups, respectively. Of these genes, 15,677 genes were expressed in both groups, whereas 794 and 582 genes were expressed only in the pLVX-RBP4 and CTRL groups, respectively (Figure 3a ; Table S3 ). A total of 113 differentially expressed genes (DEGs), including 71 upregulated genes and 42 downregulated genes, were identified in pLVX-RBP4 group compared with the CTRL group (Figure 3b ; Table S4 ). The 10 most upregulated genes included RBP4, HSPB1, MMP1, RBM34, S100A12, ITGA5, TOMM6, KIF20B, CCDC33, and MITD1. The 10 most downregulated genes comprised KCNMA1, IGFALS, LCN2, WIPF3, CD248, CRTC3, MAP1B, RAB3B, CPAMD8, and PRRC2C (Table 1 ). 
Validation of Differentially Expressed Messenger RNAs
In accordance with previous reports, the top 10 up-and downregulated DEGs were selected for further validation by RT-qPCR analysis to validate the DEGs that were identified by RNA sequencing. We observed the upregulation of nine genes (RBP4, HSPB1, MMP1, RBM34, S100A12, ITGA5, TOMM6, KIF20B, and MITD1) by high-throughput sequencing, and this finding was confirmed by RT-qPCR. RT-qPCR also confirmed the downregulation of nine genes revealed by high-throughput sequencing. RNA sequencing showed that CCDC33 and CD248 were differentially expressed compared with the CTRL group, but RT-qPCR failed to confirm the data. The results demonstrated that differential expression was validated for 18 of 20 genes (Figure 4 ). 
Gene Ontology Annotation and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis of Differentially Expressed Genes
Gene ontology includes biological processes (BP), cellular components (CC), and molecular functions (MF). GO terms with p < 0.05 were considered significantly enriched. Table 2 lists the top 30 significant GO terms, including BP, MF, and CC. Accordingly, the MF functions mainly related to protein binding, protein homodimerization activity, and growth factor binding were significantly enriched, including ribosomal subunit and mitochondrial part as GO terms for CC. In the BP category, the DEGs enriched in GO terms included protein folding, regulation of interleukin-1 production, mitotic cell cycle, and regulation of intrinsic apoptotic signaling pathway (Table 2) . To better illustrate their biological functions, we divided the DEGs into two groups: upregulated and downregulated. In the BP analysis, the enriched GO terms for upregulated DEGs converged on protein folding, regulation of interleukin-1 production, and interleukin-1 production. On the other hand, the downregulated DEGs were focused on exocytosis and cell migration ( Figures S1 and S2 ). In the MF category, the upregulated DEGs were mainly enriched in protein binding and downregulated DEGs were enriched in insulin-like growth factor binding and growth factor binding ( Figures S3 and  S4 ). In the CC category, the upregulated DEGs were mainly enriched in protein binding involved in large ribosomal subunit, ribosomal subunit, and mitochondrion ( Figure S5 ).
All the DEGs were mapped to the KEGG database to further investigate their functions. A total of 28 DEGs were categorized into 16 pathways ( Figure 5 ). The DEGs were determined to be involved in key pathways, such as oxidative phosphorylation, Parkinson's disease, non-alcoholic fatty liver disease (NAFLD), Huntington's disease, cardiac muscle contraction, Alzheimer's disease, fatty acid biosynthesis, AMPK signaling pathway, insulin signaling pathway, and tight junction. Most of these pathways are related to metabolic diseases. 
Protein-Protein Interaction (PPI) Network Analysis
An integral PPI network (Figure 6a ) and three sub-networks (Figure 6b-d) were constructed by mapping the upregulated and downregulated DEGs. The integral network consisted of 65 proteins. Figure 6b contained seven proteins (COX17, cytochrome oxidase subunit 6A1 (COX6A1), COX6C, ATP5I, ubiquinone oxidoreductase subunit B3 (NDUFB3), TOMM6, and ENSSSCG00000013436), which were mainly related to oxidative phosphorylation, NAFLD, and Alzheimer's disease. 
Discussion
Granulosa cells are important somatic cells that surround oocytes. These cells are involved in ovarian follicular development in pigs. RBP4 is an approximately 21 KD peptide that acts as a carrier of vitamin A in the plasma. This protein is one of the identified adipokines that are associated with IR, obesity, and type 2 diabetes [9] . RBP4 is highly related to ovarian diseases, such as PCOS, ovarian cancer in humans [12, [33] [34] [35] [36] , and ovarian cysts in swine [22] , which may be caused by endocrine disorders. Furthermore, previous studies have shown that RBP4 could promote cell proliferation. A study by Li indicated that RBP4 could increase the proliferation and invasion of HTR8 cells through suppressing PI3K/AKT signaling [37] . Another study demonstrated that RBP4 affected proliferation, differentiation, and mineralization of MC3T3-E1 cell line in vitro [38] .
In the present study, we identified the effects of RBP4 on GCs by transcriptomic analysis following RBP4 overexpression. RNA-based overexpression of RBP4 changed the expression levels of 113 DEGs. In addition, our data revealed the effects of RBP4 of DEGs that are important to pathways in GCs, including oxidative phosphorylation, NAFLD, Alzheimer's disease, fatty acid biosynthesis, AMPK signaling pathway, and insulin signaling pathway.
Oxidative phosphorylation is involved in GC apoptosis and follicular atresia [39] . Abnormal mitochondrial oxidative phosphorylation occurs in obese girls with type 2 diabetes and IR, which are related to RBP4 [40] . The insulin signaling pathway participates in follicular development, GC proliferation, and developmental ability of oocytes in vitro [41, 42] . Nevertheless, insulin pathway is also associated with ovarian diseases, such as PCOS, abnormal steroidogenesis, and ovarian cancer [43, 44] . In mammals, the AMPK signaling pathway is involved in the regulation of many cellular functions, and studies indicated that AMPK signaling play roles in bovine GCs to express a proliferative and steroidogenic phenotype [45] . Another study recently proposed a relationship between the GZYKF (a Chinese medicine formula) effect and AMPK pathway that may underlie the modulation of GC autophagy [46] . The significant role of RBP4 is the transport of retinol from the liver to peripheral tissues. A recent study found that RBP4 was located in the granulosa and inner theca cell layers and the expression level of RBP4 in ovarian follicles increased with follicular sizes. GCs treated with increasing FSH or LH promoted the expression of RBP4 [24] . However, the minor number of DEGs was detected in this article. Further study is needed to clarify if RBP4 exerts its biological function through the synergy of other factors, such as transhyretin, FSH, LH, and cell membrane receptor STRA6. KEGG results are not directly related to reproductive pathways, nevertheless, oxidative phosphorylation, fatty acid biosynthesis, and AMPK signaling can affect the physiological function of GCs. Available data focusing on the relationship of RBP4 and type 2 diabetes mellitus, PCOS, and ovarian cancer have been originated from population-based prospective studies. However, in present study, some attractive DEGs related to reproduction and cell cycle were detected, such as MMP1, IGF signaling related genes (IGFBP5, IGFBP7, and IGFALS), HSPB1, and cell-cycle gene (CDK1).
Li et al. observed that RBP4 knockdown decreased cell invasion, whereas RBP4 overexpression increased the invasion of HTR8/SVneo cells. Moreover, the production of MMPs increased with the increase in RBP4 expression [37] . The RBP4-stimulated expression of MMP1 in the present study supports the above notion. Furthermore, our results confirmed for the first time that IGFBP5, IGFBP7, and IGFALS were detected as DEGs in GCs overexpressing RBP4. Among these DEGs, IGFBP5 and IGFALS were downregulated, and IGFBP7 was upregulated. Interestingly, IGFBP5 and IGFALS were downregulated simultaneously, as IGF1, IGFBP5, and IGFALS function in a form of ternary complex for IGF signaling, which has been shown to play important roles in a variety of physiological processes, including protein chaperoning, steroidogenesis, and protection against apoptosis [47] [48] [49] [50] . Upregulation of the expression of HSPB1 by RBP4 may have significant consequences for the production of HSPB1 in GCs. HSPB1 is a protein that appears to antagonize a molecular pathway for stress [51] , and HSPB1 was demonstrated to be associated with folliculogenesis and steroidogenesis in bovine ovary [52] . Cyclin-dependent kinase 1 (CDK1) is a key regulator of the cell cycle and RNA transcription [53] .
The hubs of CDK1 are upregulated in bovine GCs in luteal phase and small healthy follicles [54] . Meanwhile, in this research, the expression of CDK1, which also acts as a hub of PPI, was upregulated in GCs challenged with RBP4. In addition, previous studies have shown that RBP4 could promote cell proliferation. These results suggest that overexpression of RBP4 promoted cell cycle in porcine GCs. Our data indicates that RBP4 plays a potential role in in ovarian folliculogenesis and pathogenesis.
Conclusions
In this study, we compared the differential expression of genes of porcine GCs overexpressing RBP4 by using high-throughput sequencing. In addition, our transcriptomic data support that several genes are involved in important biological processes associated with folliculogenesis and pathogenesis. As such, these findings provide novel insights on the role of RBP4 in porcine GCs.
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